A
FIRM relationship between the size of an arteriovenous malformation (AVM) and its likelihood to hemorrhage has been described. 2-7,~'' Jz,5.~6 Smaller AVM's tend to present more often with hemorrhage than do large AVM's. This finding may reflect the fact that large AVM's are more often associated with seizure and neurological deficit unrelated to hemorrhage because large AVM's more often involve the cortex. Alternatively, small AVM's may have a greater overall propensity to hemorrhage during a patient's lifetime.
The increased likelihood of small AVM's to hemorrhage is interesting given the fact that the volume of nidus available to hemorrhage increases with the cube of the measured diameter. For example, a 6-cm AVM has 216 times as much nidus available for rupture as an AVM with a 1-cm diameter. To examine this apparent paradox, we prospectively evaluated the size of AVM's in 92 patients in relation to presentation and arterial perfusion pressure.
Clinical Material and Methods
Between July 1, 1983 , and May 1, 1990, 150 patients underwent operative treatment for AVM's at our institution. Clinical and radiographic data from 92 of these patients were analyzed for this study: 47 males and 45 females (mean age 37 years, range 5 months to 72 years). The other 58 patients were excluded because they had previously undergone embolization or surgical procedures on their AVM, had a dural AVM, or had presented with intraventricular hemorrhage.
The AVM's were analyzed from diagnostic studies (computerized tomography (CT), magnetic resonance (MR) imaging, and angiography) and intraoperatively for size, location, and type of presentation (hemorrhage, seizure, headache, or focal deficit). The AVM's were divided into three groups according to the maximum diameter of the nidus as measured on the preoperative angiogram: small (___ 3 cm), medium ( > 3 cm to 6 cm), and large (> 6 cm). During the initial surgery of 24 of the 92 patients, the perfusion pressure of the AVM arterial feeders and the systemic mean arterial blood pressure (MABP) were recorded simultaneously. The AVM feeding pressures were measured by inserting a No. 27 needle attached to a strain gauge into the main feeding artery or arteries of the AVM at the edge of the nidus (Fig. 1) . Transducers were set at zero at the level of the fight atrium. All measurements, performed with pCO2 between 35 and 40 mm Hg and under barbiturate anesthesia titrated to electroencephalographic burst-suppression, were recorded as the mean pressure in millimeters of mercury. When pressures from multiple AVM feeders were recorded, the values were averaged to obtain the mean feeding artery pressure.
Only preoperative CT scans (not MR images) were used to document the presence and maximum diameter of a hematoma in patients who presented with acute hemorrhage. The size of the hematoma was then correlated with the size of the AVM measured on the initial angiogram.
Statistical significance for relevant data was determined by chi-squared test. Continuous data were analyzed with a one-way analysis of variance (ANOVA) using Student-Newman-Keuls' test for post hoc comparisons or Student's two-tailed t-test for unpaired data. Results were considered significant at p < 0.05.
Results

Clinical Presentation
Among the 92 patients, the AVM's were located as follows: 31 were parietal, 14 frontal, eight basal ganglia, 12 occipital, three pericallosal, two periventricular, nine temporal, and 13 posterior fossa. Forty-four patients had small AVM's. Of these, 82% (36 patients) initially presented with hemorrhage, 11% (five) with seizures, and 7% (three) with other neurological symptoms (ineluding headache and focal neurological symptoms). Thirty-one patients had 32 medium-sized AVM's. Of these, 29% (nine patients) presented with hemorrhage, 39% (12) with seizures, and 35% (11) with other neurological symptoms. Of the 17 patients with large AVM's, 12% (two patients) presented with hemorrhage, 35% (six) with seizures, and 53% (nine) with other neurological symptoms. Small AVM's were associated with hemorrhage significantly more often (• = 34.2, p < 0.001) than medium-sized or large AVM's (Fig.  2) . There was no significant difference in the presentation between medium-sized and large AVM's (x 2 = 0.60, p > 0.5).
FIG. 2.
Bar graph illustrating the relationship between the size and type of clinical presentation of arteriovenous malformations (AVM's). Small AVM's ruptured significantly more often (p < 0.001, chi-squared test) than medium-sized and large AVM's. There was no significant difference in the type of clinical presentation of medium-sized and large lesions. * Hematoma size is expressed as the maximum diameter measured on the preoperative computerized tomography scan. This evaluation was limited to patients who presented with acute hemorrhage from a previously asymptomatie AVM. * Abbreviations: MABP = mean arterial blood pressure; FAP = feeding artery pressure; % FAP = FAP/MABP x 100; LP = left parietal; LT = left temporal; LO = left occipital; RP = right parietal; RT = right temporal; PF = posterior fossa. Steal = fluctuating or progressive focal neurological deficit secondary to vascular steal by the AVM from the surrounding normal brain. t Recordings from the main feeding artery. When more than one vessel was cannulated, the value represents the mean of the feeding artery pressures.
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FIG. 3.
Bar graph demonstrating the inverse relationship between arteriovenous malformation (AVM) size and the size of the intracerebral hematoma in patients who presented with hemorrhage from a previously asymptomatic AVM. Hematoma size was measured as the greatest diameter of the hematoma on the admission computerized tomography scan for each patient and then averaged for the group. Differences in hematoma size were significant between the small and medium-sized AVM's (p < 0.05, one-way ANOVA). Because of the small number of patients with large AVM's, valid statistical comparisons with this group were not possible.
H e m a t o m a Size
Nineteen patients presented with acute intracerebral h e m o r r h a g e from a previously a s y m p t o m a t i c undiagnosed A V M (Table 1) . H e m a t o m a size was inversely related to the size of the A V M : 11 patients had small A V M ' s with associated h e m a t o m a measuring a m e a n of 4.9 cm; six patients had m e d i u m -s i z e d A V M ' s with a m e a n h e m a t o m a size of 2.7 cm; a n d two patients h a d large A V M ' s with an associated m e a n h e m a t o m a size of 2.0 cm (Fig. 3) . One-way A N O V A d e m o n s t r a t e d statistically significant differences (p < 0.05) in the size of the h e m a t o m a between patients with small a n d medium-sized AVM's.
Pressure M e a s u r e m e n t s
Twenty-four patients (12 males a n d 12 females, m e a n age 32 years) h a d intraoperative pressures recorded from the feeding vessels of their AVM. T e n patients in this group presented with h e m o r r h a g e a n d 14 presented with other neurological s y m p t o m s (Table 2 ). In four patients with small A V M ' s , intraoperative pressure m e a s u r e m e n t s coincided with the removal of an acute h e m a t o m a (Fig. 4) . O f the 14 patients whose A V M did not hemorrhage, 12 had large lesions (Fig. 5 ) a n d two had medium-sized A V M ' s . Values for M A B P a n d the m e a n pressure in the A V M feeding artery or arteries of these patients are listed in Table 2 . In patients w h o FIG. 4 . Preoperative studies of a typical patient who presented with acute hemorrhage from a previously asymptomatte arteriovenous malformation (AVM). Left: Computerized tomography scan revealing a large intraparenchymal hematoma in the left parieto-occipital region secondary to rupture of the small AVM. Right: Angiogram of the same patient demonstrating a small AVM in the left parietal region. At operation, the feeding artery pressure was 97% of mean arterial blood pressure. presented with hemorrhage, the feeding artery pressure (mean _+ standard error of the mean, 64 _+ 12 mm Hg) was significantly higher (unpaired t-test, p < 0.001) than in those without hemorrhage (mean 36 _+ 17 mm Hg). There was no significant difference in the MABP in these two groups. The mean feeding artery pressure expressed as a percentage of MABP was 90.4% in AVM's that ruptured compared to 47% in those without hemorrhage. The range of MABP did not differ significantly among the groups.
One-way ANOVA of pressure measurements in relation to AVM size revealed a strong inverse relationship to feeding artery pressure. Mean feeding artery pressure was significantly higher (p < 0.05) in patients with small AVM's (66 + 12 mm Hg) compared to medium-sized AVM's (47 _+ 17 mm Hg) and large AVM's (35 __+_ 17 mm Hg). There was no significant difference in feeding artery pressure in patients with medium-sized and large AVM's or in the MABP among small, medium-sized, and large lesions.
Discussion
A V M Size Related to Hemorrhage
Like several previous investigators, 2-7'~Lt2'jS"~6 we found an inverse relationship between the size of an AVM and its tendency to rupture. In this series, small AVM's presented significantly more often with hemorrhage (82%) than did large AVM's (12%). This finding could be explained if many small AVM's existed in the general population and failed to become symptomatic because, unlike large AVM's, small AVM's are not associated with steal symptoms. However, the incidence of asymptomatic true AVM's in autopsy series is small? In a series of 5754 autopsies, only 30 AVM's were discovered compared to 173 venous malformations and 50 telangiectasias. Of the 30 AVM's, 50% were symptomatic. Incidental AVM's found at autopsy are uncommon, suggesting that few AVM's remain asymptomatic in the general population.
The influence of AVM size on the propensity to rupture remains uncertain. Graf risk of hemorrhage at 5 years was 10% for large AVM's (> 3.0 cm in diameter) and 52% for small AVM's (< 3.0 cm in diameter, p < 0.05). Itoyama, et al., 7 prospectively followed for a mean period of 13.4 years 50 patients who were diagnosed as having an AVM. Of their patients with small AVM's (< 2.5 cm), 86.7% experienced hemorrhage, compared to 30.8% of those with large AVM's (> 5.0 cm). Other authors, however, have not observed this pattern. In a retrospective review of 127 patients, Brown, et al., I found that 11% of AVM's less than 3.4 cm in diameter bled and that 19% of AVM's larger than 5.5 cm in diameter ruptured during a mean follow-up period of 8.2 years. These differences were not statistically significant. Crawford, et aL, 2 followed 217 nonsurgical patients with AVM's for an average of 10.4 years; in their study, small AVM's (< 6.0 cm) tended to bleed more often than large AVM's (> 6.0 cm) but, again, the difference was not statistically significant.
Although a 6-era AVM has 216 times the volume of nidus available to rupture compared to a l-era AVM, they both have similar hemorrhage rates, Therefore, the volume of an AVM nidus, which would appear to be the most logical predictor of risk of hemorrhage by an AVM, paradoxically has no significant bearing on the rate of AVM hemorrhage.
Perfusion Pressure Related to Size
Intraoperative pressure measurements demonstrated an inverse relationship between AVM size and feeding artery pressure. This relationship provides a physiological explanation for the seemingly paradoxical observation that small AVM's with less nidus volume have an equal or higher risk of hemorrhage compared to large AVM's. This difference in feeding artery pressure is readily explained by a difference in the resistance to flow of small and large AVM's.
If the likelihood of hemorrhage is related to perfusion pressure in the AVM rather than to the volume of the AVM nidus, and if perfusion pressure decreases as AVM size increases, then smaller AVM's with higher feeding pressures would be more likely to hemorrhage than large AVM's under low pressure. Indeed, regardless of their symptoms at presentation, small AVM's had uniformly higher feeding pressure than did large AVM's. This pressure difference appears to compensate for the size discrepancy, resulting in similar hemorrhage rates. Conversely, in this series of patients, the mean feeding artery pressure was significantly higher in patients whose AVM had ruptured (64 mm Hg) than in patients presenting with other neurological complaints (36 mm Hg); this is also a reflection of size.
Size of Hematoma Related to Perfusion Pressure
The size of the hematoma associated with AVM rupture was also inversely related to the size of the AVM in this series (Fig. 3) . Hematomas were significantly larger in small AVM's compared to medium-sized lesions. Hematomas were smallest in patients with large AVM's, but statistical analysis was not possible.
A number of factors (for example, location of the lesion) can be expected to influence the size of the hematoma formed when an AVM bleeds. Rupture of an AVM surrounded by healthy brain leads to a more rapid tamponade of bleeding than rupture into the ventricular system. Since we were particularly interested in the size of the hematoma, ventricular hemorrhages were eliminated from the sample because their size was hard to quantify and the tamponade of these hemorrhages is so different from that of intraparenchymal hemorrhages. However, if ventricular hemorrhages are included in the analysis, the frequency of rupture of large AVM's compared to small AVM's does not significantly change. Likewise, repeated hemorrhages from an AVM can be expected to increase as damage leads to cystic changes in the surrounding brain (encephalomalacia). For these reasons, analysis of hematoma size in this series excluded patients with ventricular hemorrhage or with a history of previous rupture of the lesion. Other factors that obviously influence the size of the hematoma after rupture of an AVM are the status of the coagulation system and the driving pressure (hypertension) producing hemorrhage. Assuming that these other factors are equal, our data suggest that the higher the peffusion pressure in a ruptured AVM, the larger the hematoma will be.
Spontaneous hypertensive hemorrhages and intraparenchymal hemorrhages associated with rupture of an aneurysm tend to be large hemorrhages because they are driven by full systemic arterial pressures. Similarly, the driving pressure behind hemorrhage from small AVM's approaches MABP. In contrast, blood flow through the low-resistance arteriovenous shunt of large AVM's results in the reduction of pressure in the feeding arteries. Our measurements and those by others have confirmed that feeding artery pressure in large high-flow AVM's is uniformly lower than MABP by a range of 40 to 80 tOrr. 9'I~ In this series, feeding artery pressure was significantly lower in large (47 % of MABP) and medium-sized (67% of MABP) AVM's than in small AVM's (91% of MABP).
Partial Embolization and Hemorrhage
Feeding artery pressure may explain the increased risk of hemorrhage that appears to be associated with the partial embolization of large AVM's. We have encountered several patients whose AVM's ruptured several days to weeks after transfemoral embolization that converted a large AVM into a small one. If the resistance to flow in a large AVM increases following embolization, then the feeding artery pressure in the remaining lesion will be elevated. Assuming that the risk of hemorrhage is related to feeding artery pressure, as discussed above, then the usefulness of partial embolization as the sole treatment for AVM's will need careful scrutiny. The goal of treatment for AVM's should be complete obliteration.
Risk of arteriovenous malformation rupture
Steal Syndrome
A bias is inherent in this series because only surgical patients were included. In our center, patients with large AVM's are considered for surgery only if they present with debilitating neurological symptoms or repeated hemorrhages. This explains the high incidence of steal symptoms as opposed to hemorrhage (12%) in this group. However, perfusion pressures recorded during angiography are routinely significantly lower in large AVM's (whether or not they eventually come to surgery), regardless of the mode of clinical presentation, and are consistently higher in smaller AVM's, again regardless of whether or not hemorrhage is present. These measurements obtained during angiography were not included in our analysis because the catheter was not always placed at the same distance from the edge of the nidus. Interestingly, this disparity in feeding artery pressure between large and small AVM's can also explain the fluctuating neurological deficits associated with large AVM's (the steal symptoms). The low feeding artery pressure associated with large AVM's provides a low perfusion pressure to the surrounding cortex thereby producing relative ischemia, which (when sufficient) results in ischemic symptoms and the risk of normal perfusion pressure breakthrough associated with the resection of large AVM's.14
